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Abstract: Recent experiments indicate that several viruses may encode microRNAs (miRNAs) in cells. Such RNAs
may interfere with the host mRNAs and proteins. We present a kinetic analysis of this interplay. In our
treatment, the viral miRNA is considered to be able to associate with the host mRNA with subsequent
degradation. This process may result in a decline of the mRNA population and also in a decline of the
population of the protein encoded by this mRNA. With these ingredients, we first show the types of the
corresponding steady-state kinetics in the cases of positive and negative regulation of the miRNA synthesis
by the protein. In addition, we scrutinize the situation when the protein regulates the virion replication or, in
other words, provides a feedback for the replication. For the negative feedback, the replication rate is found
to increase with increasing the intracellular virion population. For the positive feedback, the replication rate
first increases and then drops. These features may determine the stability of steady states.
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1. Introduction

Virus infection usually occurs via binding of free virionsto target cells followed by entry, replication, and releaseof new virions to the extracellular environment [1]. Alter-natively, virions may sometimes move between cells di-
∗E-mail: zhdanov@catalysis.ru

rectly via the cell-cell contacts without diffusing throughthe extracellular environment [2]. The conventional ki-netic models, focused on the extracellular aspects of theformer pathway, operate with the temporal or spatiotem-poral mean-field kinetic equations for concentrations ofvirions and healthy and infected cells (reviewed in Refs.[3, 4]; see also Ref. [5] and references therein) or includearrays of lattice sites representing healthy and infectedcells with prescribed rules for Monte Carlo simulations ofthe propagation of infection (reviewed in Ref. [6]; see alsoRef. [7] focused on the kinetics of cell-to-cell spread ofvirions). In addition, there are generic and more specificmodels (see, respectively, Refs. [8]-[11] and [12]-[17]) de-
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scribing intracellular viral kinetics including viral mRNAand proteins (the synthesis of these species may be influ-enced by and/or interfere with the synthesis of host mRNAand proteins). The gap between between the models op-erating on the extracellular and intracellular levels wasbridged in Ref. [18].In eukaryotic cells, the genomes contain relatively rareprotein-coding sequences in combination with numeroussequences transcribed into non-coding RNAs (ncRNAs).The latter RNAs form the cornerstone of a regulatory net-work that operates in concert with the protein network(reviewed in Refs. [19]-[24]). Structurally, ncRNAs aredivided into two groups including (i) long ncRNAs ob-tained directly after gene transcription [19–21] and (ii)small ncRNAs (from 20 to 200 nucleotides) obtained bycleavage of long ncRNAs [22–24]. One of the most impor-tant and interesting subgroup of small ncRNAs includesmiRNAs which are 20-22 nucleotides long [22–24]. Thenumerous biological functions of miRNAs are often basedon their ability to silence genes via pairing with a targetmRNA and subsequent preventing its translation or facili-tating degradation of the mRNA-ncRNA complex [22–24].This process is mediated by a special protein (AGO). AmiRNA first associates with AGO, and then the miRNA-AGO complex associates with a target mRNA.The viral genomes are often transcribed into miRNAs aswell [25–27]. Over 200 viral miRNAs have already beenidentified [27]. The interplay of host mRNAs, ncRNAsand proteins and viral mRNAs, miRNAs and proteins maybe complex. The viral miRNAs can alter host physiology,and the host miRNAs can in turn alter the virus life cycle[25–27]. In particular, miRNAs of both viral and cellularorigin can positively or negatively influence viral repli-cation [25]. Globally, the host miRNAs have emerged asone of the corner-stones of the mammalian immune system[28]. On the other hand, viruses are prone to employ thecell machinery, and there are indications that viruses mayco-opt with host miRNAs in order to suppress their ownreplication, to evade immune elimination and establish apersistent infection [29].The regulation of the formation of each viral miRNA isspecific. The function of each viral miRNA is specific aswell. The general concept here is that viral miRNAs down-regulate selected viral and cellular mRNAs to establish ahost environment conducive to completion of the viral lifecycle [27]. Mechanistically, this concept is based on theexistence of the feedbacks between the formation of viralmiRNAs and their interaction with host mRNAs. The mostnatural way of realization of such feedbacks is providedby proteins.The kinetic models focused on the interplay of cellularmRNAs, proteins and ncRNAs are now numerous (re-

viewed in Ref. [30]). In contrast, the models includingviral miRNAs are lacking. In our work, we present thefirst kinetic treatment of the likely interference of viralmiRNAs and host mRNAs and proteins. In our analysis,we take into account that the key miRNA ability is tosilence genes via pairing with target mRNAs. Followingthis line, we consider that the viral miRNA is able to as-sociate with the host mRNA with subsequent degradation.This process may result in a decline of the mRNA popu-lation and in the corresponding decline of the populationof protein transcribed from this mRNA. With these ingre-dients, we analyze two situations. First, we show whathappens if the protein under consideration regulates themiRNA synthesis (Sec. 2). Secondly, we scrutinize thesituation when the protein regulates the virion replicationor, in other words, provides a feedback for the replication(Sec. 3). The model we use to describe these situations isgeneric. Despite its simplicity, it illustrates the conceptsoutlined above.
2. Viral miRNA and host mRNA and
protein
Our model includes the host-gene transcription intomRNA, Gene→ Gene + mRNA, (1)
mRNA translation into protein (P),

mRNA→ mRNA + P, (2)
viral-gene transcription into miRNA,

Gene∗ → Gene∗ + miRNA, (3)
mRNA-miRNA association and degradation,

mRNA + miRNA→ mRNA ∗ miRNA→ Ø, (4)
and conventional degradation of the species under con-sideration,

mRNA→ Ø, P→ Ø, miRNA→ Ø. (5)
The corresponding kinetic equations for the intracellularmRNA, protein and miRNA populations, N , n, and N∗, areas follows

dN/dt = w − kN − rNN∗, (6)
dn/dt = υN − κn, (7)
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dN∗/dt = w∗Nv − k∗N∗ − rNN∗, (8)
where w is the rate of step (1), and w∗, υ, k , k∗, κ, and
r are the rate constants of steps (2)-(5), and Nv is thenumber of virions in a cell.In the scheme and equations above, the mRNA-miRNA as-sociation [the first step of the pathway to degradation (4)]is considered to be irreversible. This is often the case inplants due to high complementarity of miRNAs and theirtarget mRNAs [22, 23] (this makes it possible to predictsmany targets with confidence [22]). In animals, extensivecomplementarity, with consequent irreversible associationand cleavage of targets, is not frequent [22, 23]. More of-ten, the mRNA-miRNA association, mediated by AGO, isreversible. In our treatment, AGO is not described explic-itly. Concerning the reversibility of association, we notethat it can easily be taken into account (see Sec. 4.2 inRef. [30]). With this factor, Eqs. (6) and (8) either re-main valid (the only modification is that r is an effectiverate constant) or should be slightly changed. The corre-sponding changes are insignificant for our analysis andconclusions.In our treatment, as already noted in the introduction, thetranscription of the viral genome into miRNA is consid-ered to be regulated by the protein coded by mRNA, i.e.,the rate constant w∗ depends on the protein population,
n, while the rate of transcription into mRNA and rate con-stants of other processes are considered to be parameters.The negative and positive regulation is described, respec-tively, as

w∗ = w◦∗
(

K
K + n

)m (9)
and

w∗ = w◦∗
( n
K + n

)m
, (10)

where w◦∗ is the maximum rate constant, K is the constantcharacterizing the protein-gene association-dissociationequilibrium, and m is the number of regulatory sites.These expressions imply that the transcription occursprovided all the regulatory sites are, respectively, freeor occupied by proteins (see Sec. 2.2 in Ref. [30]). Theprotein association with and detachment from regulatorysites is assumed to be rapid so that the association isclose to equilibrium. (Alternatively, one can use theconventional Hill expressions or more specific expressionstaking the correlations in the arrangement of proteinsinto account.)
In our model, miRNA associates with mRNA and sup-presses the protein population indirectly. As alreadynoted in the Introduction, this ability of miRNAs is centralin the miRNA biochemistry [22–24]. In principle, miRNAs

may associate with proteins and directly suppress the pro-tein population [30]. The analysis of the latter scenario isbeyond our goals.Our model described above is similar to that introduced inRefs. [31, 32] (see also Sec. 6.1 in review [30]). Comparedto Refs. [31, 32], it is focused, however, on viral miR-NAs and accordingly includes the number of virions inEq. (8). This modifications makes it possible to illustratethe dependence of the host mRNA and protein populationsand viral miRNA population on the virion population (seeFigs. 1 and 2 below). The dependence of the viral repli-cation rate on the virion population can be illustrated aswell (see Fig. 3 below).To illustrate the interplay of host mRNA and protein andviral miRNA, we consider that the formation and degrada-tion of these species are faster that the virion replication,and solve Eqs. (6)-(8) in the steady-state approximation.Taking into account that the RNA and protein degrada-tion often occurs on the time scale from a few minuteto one hour and aiming at biologically reasonable RNAand protein populations, we set the model parameter as
w = 10 min−1, k = k∗ = κ = 0.01 min−1, r = 10−3 min−1,
K = 500, and m = 1, 2 and 3.The results of our calculations or, more specifically, thedependence of the host mRNA and viral miRNA popu-lations on the number of virions in a cell is shown inFigs. 1 and 2 for negative and positive regulation of themiRNA synthesis by protein, respectively. In both cases,the model predicts that the mRNA population decreaseswhile the miRNA population increases with increasing Nv .If the regulation of the miRNA synthesis by protein isnegative, the steady state is unique for m = 1 [Fig. 1(a)].For m ≥ 2, the system is bistable. In particular, thebistability is narrow for m = 2 [Fig. 1(b)] and very widefor m = 4 [Fig. 1(c)].If the regulation of the miRNA synthesis by protein ispositive, the steady state is unique for any m (Fig. 2).Formally, the applicability of the predictions above is lim-ited by the applicability of the assumptions used to con-struct the model. The key assumptions have already beennoticed in the beginning of this section. Here, addressingthis aspect, we may add that one of the specifics of miR-NAs is that they often have many target mRNas [22–24].The formation of a specific miRNA is, however, regulatedonly by one or a few specific proteins. For a given miRNA,there is the most important corresponding protein and themRNA encoding this protein. Our model is focused onthis combination of the viral miRNA and host mRNA andprotein. The kinetic equations for the other target hostmRNAs are similar to Eq. (6). Complementing our modelby such equations and adding the corresponding termsinto Eq. (8), we have demonstrated in Ref. [33] that the
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Figure 1. mRNA and miRNA populations as a function of the virion population for negative regulation of the viral miRNA formation with m = 1 (a),
2 (b) and 4 (c) and w◦∗ = 1 min−1 (for the other parameters, see the text). The solid and dashed lines correspond, respectively, to the
stable and unstable steady states. (Note that with the parameters used in the calculations the protein population is equal to the mRNA
population.)

type of the steady-state solutions remains the same, i.e.,there is a single steady state or bistability (note that theaspects related to the viral miRNAs were not discussedthere). For this reason, the domain of applicability of ourpredictions is wider that it might appear at first sight.
3. Regulation of the replication of
virions

In this section, we analyze the scenario including the reg-ulation of replication of virions by the protein. The schemeof gene expression is considered to be the same [steps(1)-(5)] as in the previous section. The corresponding ki-netic equations for the intracellular mRNA, protein andmiRNA populations are considered to be the same [(6)-(8)] as well except that the rate w∗ is now assumed to beindependent of the protein population. In principle, us-ing the model presented in the preceding section, one caneasily describe the case when protein regulates the viralreplication rate and simultaneously the rate of viral tran-scription into viral miRNA. The situation when the sameprotein regulates both processes does not appear, how-ever, to be generic. For this reason, we focus here on theregulation of viral replication and exclude the regulationof the miRNA synthesis.
In analogy with Eqs. (9) and (10), the replication rate withnegative and positive regulation is described, respectively,

as
W = W◦Nv

(
K

K + n

)m (11)
and

W = W◦Nv ( n
K + n

)m
, (12)

where W◦ is the maximum rate of replication of a singlevirion. The use of Eqs. (11) and (12) implies that the repli-cation is limited by the initiation step which is regulatedby the protein.Solving Eqs. (6)-(8) in the steady-state approximationallows us to calculate N , N∗ and n as a function of Nv[Fig. 3(a)]. Taking this dependence of n onNv into account,we have calculated W as a function of Nv [Fig. 3(b) and(c)].If the virion population is small, the protein populationis large (n > K ). For positive regulation [Eq. (12)], thismeans that n/(K +n) ' 1. For this reason, the replicationrate [Fig. 3(b)] first grows nearly linearly, W ' W◦Nv ,due to the increase of Nv . This regime is maintained upto n ' K . With further increase of Nv and decrease of n,the replication rate rapidly drops due to the regulation.For negative regulation [Eq. (11)], the replication rate in-creases with increasing of Nv [Fig. 3(c)]. First, the repli-cation rate is very low due to the regulation. Here, thisregime is also maintained as long as the mRNA and pro-tein populations are relatively large (n ≥ K ). Then, thenegative regulation becomes less important, and the repli-cation rate is approximately equal to W◦Nv .To articulate the difference between the dependences of
W on Nv shown in Figs. 3(b) and (c), it is instructive to
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Figure 2. mRNA and miRNA populations as a function of the virion
population for positive regulation of the viral miRNA for-
mation with w◦∗ = 10 min−1 and m = 1, 2 and 4 (for the
other parameters, see the text).

use the simplest kinetic equation for the virion population,
dNv/dt = W (Nv)− kvNv, (13)

where kv is the virion degradation constant.For the dependence exhibited in Fig. 3(b), Eq. (13) pre-dicts a stable steady state with a finite virion populationprovided that kv is sufficiently low. This means that thevirions may easily co-opt with the host machinary in or-der to establish a persistent infection. With increasing kv ,there is a critical value of this constant, k crv . At kv > k crv ,the only stable steady state is that without virions.In the case of Fig. 3(c), Eq. (13) also predicts a steadystate with a finite virion population provided that kv is suf-ficiently low. This steady state is, however, instable. Dueto inevitable small deviations of the virion population fromthat corresponding to the steady state, this population willeither diminish or grow. In the latter case, a cell will dieor there should be other steps limiting the growth of thevirion population inside a cell.

Figure 3. (a) mRNA and miRNA populations and [(b) and (c)] vi-
ral replication rate as a function of the virion population
for w◦∗ = 1 min−1 (for the other parameters, see the text).
The protein population is equal to the mRNA population.
The replication rate is regulated (b) positively and (c) neg-
atively.

4. Conclusion
In summary, our analysis addresses two aspects of theinterplay of viral miRNA and host mRNA and protein:(i) We have shown how the populations of miRNA andmRNA and protein may change with increasing the virionpopulation in a cell in the cases of positive and negativeregulation of the miRNA synthesis by protein. The bio-logical role of these changes may be different dependingon the structure of the genetic network(s) which may beregulated by the species under consideration.(ii) We have illustrated the likely dependences of the rateof virion replication on the number of virions in a cell in thecases of positive and negative regulation of this processby protein. The positive regulation may easily result in asteady state in the virion kinetics. In the case of negativeregulation, the type of the kinetics is more sensitive toother steps.Using their miRNAs, viruses can manipulate both cellularand viral gene expression. Specifically, current evidence[27] indicates that viral miRNAs are involved in cellular
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reprogramming in order to (a) regulate the latent-lyticswitch; (b) support viral replication by promoting cell sur-vival, proliferation, and/or differentiation; and (c) modulateimmune responses [27]. The interplay of viral miRNAs andhost mRNAs and proteins may occur via various scenarios.We have described one of the generic scenarios. Our cal-culations, performed with biologically reasonable param-eters, indicate that with slow variation of the intracellularconditions the steady-state kinetics of processes (a), (b)and (c) may change gradually or in a stepwise fashion (dueto bistability). Bistability is of course what is expected tobe observed in biological systems with feedbacks. Ourwork shows, however, in detail the likely biological ingre-dients behind bistability.Some of our predictions can be tested experimentally. Forexample, our calculations show that the simplest miRNA-mRNA-protein interplay with the positive regulation ofviral replication by protein can easily result in a stablesteady state, while the negative regulation results in in-stability and should be complemented by other steps inorder to reach a stable steady state. This prediction, in-dicating that in the situations when viruses co-opt withhost miRNAs in order establish a persistent infection theregulation of viral replication by protein is likely to bepositive, may guide experiments.Finally, we note that the interplay of experiments andtheory in studies of the kinetics of conventional gene ex-pression is now mutually useful [34]. The observations ofexpression of viral miRNAs are now numerous. Detailedexperimental or theoretical studies of the correspondingkinetics are, however, lacking. Our goal was to make oneof the first steps in this direction.
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